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Diode-Pumped LiIO3 Intracavity Raman Lasers
H. M. Pask and J. A. Piper

Abstract—We report on an all-solid-state intracavity Raman
laser source operating at 1155 nm. The Raman-active medium
is crystalline LiIO 3, which converts emission at 1064 nm from
Nd : YAG to the first Strokes wavelength of 1155 nm. We discuss
the key design principles for this Raman laser and present its
operating characteristics, including output power, efficiency, and
spectral, spatial, and temporal properties.

Index Terms—Frequency conversion, Raman laser, solid-state
lase, stimulated Raman scattering.

I. INTRODUCTION

SOLID-STATE Raman lasers offer a practical and efficient
approach to optical frequency downconversion, offering

high (up to 70%–80%) conversion efficiencies with respect
to the pump laser power, excellent beam quality, and ease
of alignment. Although stimulated Raman scattering (SRS)
was one of the earliest nonlinear optical processes to be
investigated, and SRS in high-pressure gases has been widely
employed for frequency conversion, SRS in crystals is currently
a growing area of research activity, with demonstrated potential
for efficient frequency conversion. In comparison with gaseous
Raman lasers, crystalline Raman lasers offer high gain and
good thermal and mechanical properties and are compatible
with compact all-solid-state laser technology.

The potential of crystalline Raman lasers for efficient
frequency conversion was first reported by Ammannet al. [1],
who obtained 0.9 W at the first Stokes wavelength employing
SRS in crystalline lithium iodate (LiIO) inside the resonator of
a Nd : YALO laser. The reported optical-to-optical conversion
efficiency was up to 77%. Subsequently, Ammann [2] also
reported simultaneous SRS and second-harmonic generation
(SHG) in LiIO to produce outputs up to several hundreds of
milliwatts in the visible region. More recently, we have reported
efficient frequency conversion of Nd : YAG to the yellow using
a combination of SRS in LiIOand SHG in LBO [3].

In the past five years, there have been a substantial number
of reports of Raman lasers based on SRS in a variety of crystals
[4] including various tungstates [5], [6] and molybdates [7].
Ba(NO ) is often claimed to be the most efficient Raman-ac-
tive crystal identified to date for SRS; for example, a 2.5-W
flashlamp-pumped Raman laser at 1.56m has been reported
[8]. Recently, an intracavity CaWORaman laser based on
Nd : YAG end-pumped by a 5-W diode was demonstrated [6].
The above examples illustrate the practical potential of Raman
lasers for frequency conversion to discrete wavelengths. A
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collection of papers reviewing the progress in the field of
solid-state Raman lasers can be found in [9].

In this paper, we report an investigation of a LiIOintracavity
Raman laser based on a diode-pumped-switched Nd : YAG
laser. We show that an appropriate cavity design enables efficient
conversion and we report average powers of up to 2.7 W at the
first Stokes wavelength (1155 nm). Our prime interest in this
wavelength is that it can be frequency doubled to generate yellow
light at 578 nm, a wavelengthwhich coincides with an absorption
band of hemoglobin and which is used for various applications
in dermatology. We present experimental characteristics of the
system as a function of the various laser parameters and discuss
various other features of the Raman laser output, including
spectral, spatial, and temporal characteristics of the Raman
laser. We also discuss some of the key design issues which must
be addressed to obtain efficient frequency conversion.

II. K EY DESIGN CONSIDERATIONS FORINTRACAVITY

RAMAN LASERS

SRS can be realized in a variety of configurations, including
single-pass Raman generation, or using a variety of extra-
cavity or intracavity Raman resonator configurations [10].
SRS of mode-locked (picosecond) Nd : YAG lasers has been
used in a single-pass configuration to investigate SRS in a
variety of new Raman-active crystals including tungstates and
molybdates [7]. However, conversion efficiencies were low,
and this configuration is unsuitable for use with-switched
laser sources because the threshold for SRS is high, with the
result that self-focusing and optical damage frequently occur
before significant conversion can be obtained. By placing the
Raman-active crystal inside a resonator, the effective threshold
for SRS can be reduced, and high conversion efficiencies can
be obtained. The resonator mirror coating characteristics can
be tailored to enable operation at lower Raman thresholds for
the first Stokes order, and in this way higher order Stokes
generation and self-focusing can be suppressed. Efficient
Raman lasers have been demonstrated using external resonator
configurations [8], [11]. For example, He and Chyba [11]
reported efficient conversion (40% to the first Stokes wave-
length) of a -switched frequency-doubled Nd : YAG laser in
barium nitrate [Ba(NO) ] using a pump fluence of 1.4 Jcm
and a pulse repetition frequency of 30 Hz.

For lower power pump sources, such as CW-pumped repeti-
tively -switchedlasers,anintracavityconfigurationinwhichthe
Raman-active crystal is placed inside the resonator of the pump
laser is very attractive because it accesses the much higher intra-
cavity power densities and leads to low-threshold operation. In-
tracavity resonator configurations have been very successful in
achieving conversion efficiencies of 60%–80% [1], [3], [6]. The
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SRSprocessitselfactsasapower-limitingmechanismfor thefun-
damental (e.g., 1064 nm for Nd : YAG) which alleviates optical
damage problems. Further, intracavity Raman lasers can be con-
figured to give rise to pulse-shortening self-mode-locking of the
Raman output and high beam quality output.

The realization of a practical and efficient all-solid-state in-
tracavity Raman laser hinges on designing a resonator which si-
multaneously enables efficient energy extraction from the laser
gain medium as well as efficient conversion through SRS in
the Raman-active crystal. At the same time, overall cavity sta-
bility must be maintained and optical damage of the compo-
nents avoided. An important issue is the size of the resonator
mode in the Raman crystal; this is a compromise between max-
imizing the conversion efficiency and avoiding crystal damage.
Also of importance are the significant thermal lensing effects in
the Raman crystal. These arise from the inelastic nature of the
nonlinear process; for every scattering event, a small (7.9% of
the fundamental photon energy in the case of LiIO) amount of
energy is deposited as heat in the crystal. While the well-known
(positive) thermal lens in the Nd : YAG scales approximately lin-
early with absorbed diode power, the thermal lens in LiIOde-
pends on the intracavity power density at the first-Stokes wave-
length. For LiIO , is at the wave-
length of 1 m [12], over ten times larger than that for Nd : YAG
and of opposite sign. Based on measurements of the thermal lens
in an arclamp-pumped LiIORaman laser [25], we estimate the
size of the (negative) thermal lens to be as short as 10 cm, which
is comparable to that in the Nd : YAG laser medium.

III. LiIO AS A RAMAN LASER MATERIAL

Spontaneous Raman spectroscopy of some 18 promising
Raman-active crystals [4] provides comparative information
about frequency shift, linewidth, and the integral and peak
Raman scattering cross sections. Barium nitrate has been iden-
tified as having the highest Raman gain coefficient of known
crystalline materials. First reported in [13], its potential for
efficient frequency conversion has been clearly demonstrated
in recent years [8], [14].

The potential of LiIO for efficient frequency conversion
by SRS has also been established in the literature. Indeed, the
first reports of efficient solid-state Raman laser oscillation
were using LiIO [1], [2]. Some data on LiIO and Ba(NO)
are presented in Table I for comparison. While Ba(NO)
is an isotropic crystal, LiIO is a polar uniaxial crystal with
a complex Raman spectrum which depends on the crystal
cut and orientation with respect to the pump propagation
and polarization vectors. Raman shifts between 770 and 848
cm can be obtained as detailed in [15], which is very useful
when targeting wavelengths for specific applications. For the
experiments described here, LiIOwas cut for propagation
along the axis and oriented so that both the pump and
Stokes waves propagated aswaves in the crystal. The Raman
spectrum shown in Fig. 1 was obtained using a microRaman
spectrometer; the most intense peak occurs at770 cm , and
the linewidth of this feature is 5–6 cm .

While the Raman gain coefficient has not been measured in
lithium iodate for the configuration we use, it has been deter-

TABLE I
SOME RELEVANT PROPERTIES OFBARIUM

NITRATE AND LITHIUM IODATE

mined for the case when the propagation direction angle was ap-
proximately 20 degrees to the crystal’s “” axis, and this figure
is included in Table I. Clearly the higher gain coefficient in
barium nitrate is attractive for low threshold operation. However
a Raman laser is typically designed to operate at many times
above threshold. Thus slope efficiency (which for a Raman laser
is largely determined by the ratio of Stokes to pump photon ener-
gies) is more important than threshold in obtaining high overall
conversion efficiency and optical-to-optical conversion efficien-
cies of 70%–80% have been reported for both Ba(NO) and
LiIO .

While LiIO has a lower damage threshold than Ba(NO) ,
appropriate cavity design enables multiwatt average power to
be generated from a LiIORaman laser with a low incidence of
optical damage.

IV. EXPERIMENTAL ARRANGEMENT

The base laser on which the present experiments were
undertaken is a diode-pumped Nd : YAG laser employing
a commercial pump module (Light Solutions LightLab
1010). This sealed unit contains an Nd : YAG rod which is
double-end-pumped through dichroic turning mirrors. The
laser was polarized using a pair of Brewster plates and acous-
tooptically -switched at 5–25 kHz to produce pulses at 1064
nm typically 20–50 ns in duration, depending on the cavity
configuration. The average output power at 1064 nm depended
on cavity configuration, pulse repetition frequency, and diode
current. As an example, using a 34-cm-long cavity with a 30-cm
radius of curvature high reflector, a flat output coupler with
near-optimum transmission of 12%, and an aperture (750-m
diameter) to confine oscillation to the TEMmode, the output
power at 1064 nm was then in the range 5.5–6.6 W at the max-
imum diode operating current (25 A), depending on the exact

-switch repetition frequency. The optimum performance at
1064 nm provides the baseline to which the output from the
Raman laser is compared in order to evaluate optical-to-optical
conversion efficiency. We are unable to present our results in
terms of the pump power from the diodes because they are
inaccessible within the sealed pump module and, therefore, all
efficiencies are referenced to the fundamental (1064 nm) power
under optimally coupled conditions.
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Fig. 1. Measured spontaneous Raman spectrum for LiIO. The excitation laser and collected emission were both polarized normal to the crystal optic axis.

Fig. 2. Schematic diagram of the intracavity LiIORaman laser.

The Raman laser configuration is shown in Fig. 2. The fun-
damental (1064 nm) and first Stokes (1155 nm) optical fields
share the same resonator. The mirror coatings were chosen to
provide a high- resonator for the fundamental and a lower
for the first Stokes. Mirror had high reflectivity ( 99.9%)
at 1064–1160 nm, and various output coupling mirrors ()
were used with high reflectivity at 1064 nm and transmissions
from 8% to 50% at 1155 nm.

The positive thermal lens in the Nd : YAG varied with pump
diode current and is estimated to have a focal length near 8 cm
(at maximum current). As noted previously, we estimate that
the focal length of the negative thermal lens associated with
the LiIO in our system to be as short as 10 cm (at maximum
first Stokes output power). Both these thermal lenses impact
substantially on the resonator characteristics in a dynamic way,
and it was necessary to optimize the cavity length and mirror
curvatures according to the chosen diode operating current in
order to optimize the mode sizes in the laser gain and Raman
gain media.

V. RAMAN LASER CHARACTERISTICS

The performance of the LiIO Raman laser has been
investigated as a function of diode current,-switch pulse
repetition frequency, output coupler transmission at the Stokes

wavelength, and length of the Raman crystal. Unfortunately,
the turning mirrors inside the sealed pump module had some
transmission at the first Stokes wavelength. Using a probe
beam at 1155 nm from another laser source, it was determined
that there was an 18% round-trip loss at 1155 nm. Given that
output coupler transmissions between 8%–50% were used,
the collection efficiency of the generated Stokes output is
calculated to be between 31%–74%. These efficiencies are
broadly consistent with the experimentally observed decrease
of output power when the LiIOcrystal was placed on the other
side of the pump module. All the powers reported in this paper
are those measured directly after , i.e., not corrected for the
collection efficiency.

A. Influence of Cavity Configuration

The resonator configuration has a very strong influence on the
Stokes output characteristics. The optimum spot size and power
density in the Raman crystal is a compromise between maxi-
mizing the conversion efficiency and avoiding optical damage.
Also, the thermal lenses associated with the Nd : YAG and the
LiIO crystals are highly dynamic; the positive lens in Nd : YAG
depends most strongly on absorbed diode power, while the nega-
tive lens in the LiIO crystal depends most strongly on the power
density of the Stokes field in the LiIO. Therefore, the cavity
needs to be optimized for the highest Stokes output at a spe-
cific diode current. This optimization was basically empirical;
a variety of resonators were evaluated using a variety of com-
binations of cavity lengths, mirror curvatures, output couplings,
and positionings of the key cavity elements. Fig. 3 shows the
measured output power of the Raman laser at 1155 nm using
two separate cavity configurations optimized for operation at
15- and 25-A diode currents. In both cases, a 5-cm length of
LiIO was used.

The first resonator configuration, optimized at 15 A, incor-
porated two flat end mirrors. The high reflectivity mirror was
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Fig. 3. Graph showing the average output power from the Raman laser as
a function of diode current, for two resonator configurations optimized for
operation at 15 and 25 A, respectively.

placed 9.5 cm and the output coupler (50% transmitting) was
placed 12 cm from the center of the pump module. A maximum
power of 1.45 W at 1155 nm was obtained at 10 kHz, corre-
sponding to a conversion efficiency of 57% (78% accounting for
collection efficiency) with respect to the base laser performance
at 1064 nm (2.6 W). As the diode current was increased above
16 A, the Stokes output became very unstable and quickly de-
creased to zero. Lasing also ceased at the fundamental (beyond
16 A), indicating that the resonator had become unstable.

For a diode current of 15 A, we estimate the thermal lens in
the Nd : YAG to be 23 cm. In the absence of SRS, and for
the cavity length of 23 cm, we would expect the cavity to be
stable. However, ABCD resonator analysis of the laser incor-
porating a variable negative lens at the location of the Raman
crystal shows that the stability limit for the resonator occurs
when the lens in the Raman crystal becomes as short as20
cm. The size of the mode in the Raman crystal is280 m, and
the Raman power is 1.5 W at 1155 nm. Our preliminary mea-
surements of thermal lensing in a LiIORaman laser indicate a
thermal lens of approximately this size.

The second resonator configuration, which was optimized for
operation with a diode current of 25 A, consisted of a 30-cm con-
cave mirror placed 25 cm from the center of the pump module,
and a 10-cm concave output coupler with 50% transmission
placed 10 cm from the pump module. The pulse repetition fre-
quency was 15 kHz. An average power at 1155 nm of 2.62 W
was obtained, corresponding to a conversion efficiency of 42%
(56% accounting for collection efficiency) with respect to the
base laser performance at 1064 nm. A maximum output power
of 3.0 W using this resonator was achieved by reducing the pulse
repetition frequency to 10 kHz; this corresponds to a conversion
efficiency of 54% (72% accounting for collection efficiency).
However, under these conditions, frequent volumetric damage
to the LiIO crystal occurred, demonstrating that the optimum
spot size (approximately 200m in this case) and power den-
sity in the LiIO crystal is a compromise between maximizing
conversion efficiency and avoiding optical damage. An ABCD
analysis of this cavity shows it to be less sensitive (than the
first resonator configuration) to thermal lensing in the Raman
crystal, remaining stable for negative thermal lens focal lengths
longer than 4 cm. For diode currents up to18 A, the funda-
mental beam profile is generally singly moded and fairly free of

Fig. 4. Graph showing the average output power from the Raman laser as a
function of diode current, for crystal lengths of 2, 4, and 5 cm.

aberration. However, as the diode current is increased, the fun-
damental profile generally becomes strongly abberated and may
consist of several transverse modes. However, as described in a
later section, the Stokes output almost always occurs in a single
transverse mode (TEM).

B. Effect of Raman Laser Parameters

In the following sections, the effects of various parameters
on Raman laser performance are presented. The resonator used
consisted of a 30-cm concave highly reflecting mirror placed

25 cm from the center of the pump module, and a flat output
coupler placed 8 cm from the pump module. The LiIOwas
placed close to the pump module where the resonator mode was
the largest (approximately 320m). A maximum output of 2.3
W at the first Stokes wavelength was obtained with this cavity
configuration, slightly lower than that for the second resonator
configuration outlined in the previous section, but with a far
lower incidence of crystal damage.

Fig. 4 shows the average power at the first Stokes wavelength
as a function of diode current for crystal lengths of 2, 4, and
5 cm. The pulse repetition frequency was 15 kHz and a 50%
transmitting output coupler was used. Higher output powers
are achieved with longer crystals, as expected since the Raman
gain coefficient is proportional to the length of the Raman gain
medium. The output at 1155 nm obtained using the 4-cm-long
crystal was twice that obtained using the 2-cm-long crystal.
Slightly higher powers were obtained using the 5-cm-long
crystal; however, attempts to simulate a longer crystal by
placing multiple crystals inside the resonator did not increase
the power at 1155 nm.

The effect of output coupling on the Raman laser performance
can be seen in Fig. 5, where output couplings of 8%, 25%, and
50% were investigated. The pulse repetition frequency was 15
kHz and the LiIO crystal was 5 cm long. Higher output powers
are achieved for larger output couplings. It should be noted that,
because of the intracavity losses (due to the turning mirrors) at
1155 nm, the collection efficiency for the Stokes photons varies
with output coupling and is only 31% when using the 8% trans-
mitting output coupler, 58% with the 25% transmitting output
coupler, and 74% with the 50% transmitting output coupler. We
calculate the total Stokes output from the resonators using 8%,
25%, and 50% transmitting output couplers to be 1.7, 2.5, and
3.0 W, respectively. The data suggests that higher Raman output
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Fig. 5. Graph showing the average output power from the Raman laser as a
function of diode current, for output coupler transmissions of 8%, 25%, and
50%.

Fig. 6. Graph showing the average output power from the Raman laser as a
function of diode current forQ-switch pulse repetition frequencies of 10, 15,
20, and 25 kHz.

powers would be possible by choosing an output coupler with
transmission 50%.

The effect of pulse repetition frequency on Raman laser per-
formance can be seen clearly in Fig. 6, where the dependence of
the first Stokes average power is plotted as a function of diode
current for pulse repetition frequencies of 10, 15, 20, and 25
kHz. The LiIO crystal was 5 cm long and output coupling was
50%. For a given diode current, higher average powers are ob-
tained for lower repetition rates, as is consistent with the depen-
dence of Raman gain on peak pump power.

C. Spectral Characteristics of the Raman Laser

Our measurements of the spontaneous Raman spectrum
(Fig. 1), and data in the literature [15], suggest that the
frequency shift between the 1064-nm fundamental and the
Stokes wavelength should be 769–770 cm. In this case,
the first Stokes wavelength would be 1160 nm. However,
the Stokes wavelength, measured using a calibrated Anritsu
optical spectrum analyzer, was in the range 1155.2–1155.5
nm, which corresponds to a frequency shift of740–745
cm . Similar discrepancies in wavelength have been reported
elsewhere for transient SRS in liquids using pulses100-ps
duration and were attributed to self-phase modulation of the
fundamental [20]. However, the much lower peak powers in our
experiments make it unlikely that this mechanism can explain
the wavelength discrepancy observed here.

Fig. 7. Graph showing the measured first Stokes wavelength as a function of
first Stokes average output power for crystal lengths of 2, 4, and 5 cm.

We have observed the Stokes wavelength to be a function of
Stokes output power (for a given output coupling), which we at-
tribute to the effect of thermal loading of LiIOwhich causes
thermal expansion of the lattice and a shift in the Raman spec-
trum. This power-dependent variation of the frequency shift is
up to 1.6 cm , corresponding to a variation in wavelength of
0.22 nm. In Fig. 7, the first Stokes wavelength is plotted as a
function of first Stokes average power for three crystal lengths.
After fitting straight lines to the data for each crystal length,
we find the slopes for the 2-, 4-, and 5-cm crystals to be 0.18,
0.097, and 0.082 nm/W, respectively. These slopes are approx-
imately in proportion to the crystal length, which is consistent
with higher thermal loading of the shorter crystals for a given
Stokes output. While the observed variation in wavelength is a
relatively small effect, it is a further indication of the effects of
thermal loading in Raman lasers and may be an important con-
sideration in some spectroscopic applications of Raman lasers
including guide-star applications [21].

At the maximum diode current (25 A), the output of the
Raman laser consisted of 50 mW fundamental, 2.7 W at the
first Stokes wavelength, and100 mW at the second Stokes
wavelength.

D. Temporal Characteristics of Raman Laser Output

As is widely recognized [22], [24], intracavity Raman lasers
are complex, highly dynamic systems. This gives rise to inter-
esting temporal characteristics which are described below.

The temporal characteristics of our Raman laser exhibit sig-
nificant pulse-shortening with respect to the fundamental pulse
duration. The degree of pulse-shortening is a function of gain
in the laser and Raman media and can be changed, for example,
by varying output coupling, the length of the Raman crystal,
and cavity mode size. While the fundamental pulse duration was
typically 50–100 ns, the Stokes pulse duration varied from10-
to 0-ns FWHM, depending on the length of the resonator, output
coupling at the Stokes wavelength, and the level of pumping. In
addition, self-mode-locking of the Raman output is observed, as
seen in the typical oscilloscope trace (recorded using a 2-GHz
bandwidth Tektronix 794) shown in Fig. 8. The Stokes output
generally consists of a burst of short pulses (typically 200–300
ps) separated by the cavity round-trip time (2.2 ns) with the
burst lasting 10–30 ns depending on the resonator configura-
tion. The exact mechanism for the self-mode-locking has not yet
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Fig. 8. Graph showing the typical temporal characteristics of the first Stokes
Raman laser output. Timebase: 2 ns/div.

been established. However, we believe it is due to the dynamics
of energy transfer between the population inversion in the laser
crystal and the pump and Stokes optical fields. Such a mecha-
nism has been reported previously for an intracavityRaman
laser [22].

E. Spatial Characteristics of Raman Laser Output

The Stokes output almost always occurred as a single (lowest
order) transverse mode. This was the case even when the fun-
damental was oscillating on several transverse modes and indi-
cates Raman beam-cleanup, as discussed by others in the litera-
ture [23], [24]. Fig. 9 shows how (a) an extremely bad pump
mode can result in (b) a much-improved Stokes profile. The
diode current was 18 A and the average power at 1155 nm was
1.5 W.

Fig. 10 depicts the high spatial beam quality of the resonator
optimized for operation at 25 A. The output power was 2.62 W.

VI. CONCLUSIONS

We have reported operating characteristics of an intracavity
Raman laser based on a diode-pumped Nd : YAG laser. Very
high optical-to-optical conversion efficiencies of up to 54%
(72% accounting for the collection efficiency) have been
obtained. We estimate the electrical-to-optical conversion
efficiency with respect to the power consumed by the diodes
to be 3.3%.

There are clear indications that thermal effects are very
important in LiIO Raman lasers. In a separate study, we are
undertaking a complete investigation of thermal lensing in a
LiIO Raman laser, including interferometric measurements of
the thermal lens in LiIO. Accurate knowledge about thermal
lens focal lengths will enable better cavity design and higher
conversion efficiency.

A number of our observations, including the discrepancy be-
tween spontaneous Raman shift and the shift actually observed
in the Raman laser, and the self-mode-locked character of the
Raman output pose interesting questions which have not yet
been resolved.

(a)

(b)

Fig. 9. Example of Raman beam cleanup in the intracavity LiIORaman laser:
(a) 1064-nm pump profile, (b) 1155-nm Raman laser output profile. The average
output power at 1155 nm was 1.5 W.

Fig. 10. High-quality output beam from the intracavity LiIORaman laser.
The average output power at 1155 nm was 2.6 W.
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